Introduction

About 10
7 ton/yr of converter slag is generated in Japan. 50 % of it is recycled to harbor construction, road material and civil engineering field, while 2-3 % of it is for landfill. 1, 2) Cr 6ϩ ion is one pollutant of the environment. In recent years, smelting reduction processes of chromium ore, in which chromium oxide is reduced in a converter by silicon or carbon in liquid iron, were introduced to cut operation costs. [3] [4] [5] [6] [7] However, it is unavoidable that a few mass% of chromium oxide will remain in the slag in these processes. Since the sales value of stainless steel converter slag is low, most is landfilled at present. The chromium content in slag must be decreased before landfill to suppress the dissolution of chromium ion to the environment, and also this must be done for recycling it to road materials and other uses. A recovery of chromium as metal also has an economical advantage, because chromium alloys such as ferrochromium are consumed in the stainless steel processes. One reasonable process suggested is the direct reduction of chromium oxide by adding reductant to the emitted molten slag immediately after the stainless steel process.
In this paper, the behavior of direct smelting reduction of chromium oxide in molten slag was investigated by small furnace experiments. Thermodynamic equilibrium calculations were also carried out to suggest the limit of reduction of CrO X in the slags. Aluminum, ferrosilicon and graphite were used as reductants under the conditions of 1 723-1 823 K and various slag compositions.
Thermodynamic Calculation
Thermodynamic calculations were carried out on the various temperatures and slag compositions. F*A*C*T software 8) and thermodynamic databases involved in it were used for the calculations. Table 1 shows the basic conditions and variable factors in the calculations. The slag compositions and amount of reductant were almost as same as the experimental ones shown in To reduce chromium in stainless steel slag and simultaneously recover chromium as a ferroalloy for the steel making industry, the direct smelting reduction of chromium oxide in molten slag was investigated by small furnace experiments. Thermodynamic equilibrium calculations were also carried out to suggest the limit of reduction of CrO X in the slags. Aluminum, ferrosilicon and graphite were used as reductants under conditions of 1 723-1 823 K and various slag compositions. In the experiments, the formation of high Al 2 O 3 solid phase in the upper and middle parts of slag prevented uniform reduction when aluminum was added as a reductant, although FeO and CrO X were reduced drastically to a low content compared with the cases of ferrosilicon and graphite except for the lower part of slag melt. The low content of CrO X by aluminum was about 0.01 mass% which was about one order higher than calculated thermodynamic equilibrium one. The reductions of FeO and CrO X by aluminum were promoted to the lower part of slag with the increase in temperature and CaO/SiO 2 ratio because of the increase in fluidity of slag. A liquid metal containing chromium was formed and precipitated on the bottom of slag during the reduction. The formation behavior of metal drop was observed directly by an X-ray fluoroscopy technique.
KEY WORDS: smelting reduction; chromium oxide; aluminum; ferrosilicon; graphite; molten slag; X-ray observation. CaO/SiO 2 ratios, Al 2 O 3 content in slags and type and amount of reductant were changed, and the effects of temperature and slag composition were simulated. In the thermodynamic calculation, equilibrium phases must be set up before calculations are done. A molten slag, iron alloy and solid oxides were considered as equilibrium phases. When the reductant was graphite, a gas phase was also considered. Figure 1 shows the calculated results of the effect of temperature and CaO/SiO 2 ratio on the total chromium (T.Cr) content in equilibrated slag. In the calculations, CrO and Cr 2 O 3 are considered to be chromium oxides, thus, the T.Cr content means (Cr 2ϩ ϩCr 3ϩ ) content. The reductant used in the calculation shown in Fig. 1 is aluminum. The figure shows that T.Cr contents were reduced under 0.004 mass% and decrease with decrease in temperature and increase in CaO/SiO 2 ratio. Since CrO/Cr 2 O 3 ratio necessarily increases under reducing conditions and CrO is a basic oxide, the T.Cr content decreases when the CaO/SiO 2 ratio is high. The effects of temperature and CaO/SiO 2 have the same tendency when other reductants are used. Figure 2 shows an isoconcentration map of T.Cr in the Table 2 shows the experimental conditions. perature, which was measured by an immersed thermocouple (Pt-Pt/13%Rh) in the bottom of the slag, the initial slag sample was taken from the slag bulk by an iron rod. Then, 0.2 g of aluminum or ferrosilicon pieces as a reductant was thrown into the crucible, and this moment was taken as the starting time of the reaction. Thereafter, 0.2 g of aluminum or ferrosilicon pieces were thrown into the crucible at 1 min intervals. The total mass of reductant thrown into the crucible was 2.0 g. The chemical composition of ferrosilicon is 75mass%Si-22.5mass%Fe-2.5mass%Al. When graphite was used as a reductant, a graphite rod (10 mm i.d.) was immersed in the slag bottom. During the reaction, the iron alloy formation and the CO gas evolution in the slag were observed using an X-ray fluoroscopy apparatus at 1 823 K. After a certain reaction time period, the alumina crucible was withdrawn from the furnace and quenched rapidly in an Ar flow. The reacted slag sample was cut vertically into 4 equal pieces, and distribution of chemical composition at the center of slag from the surface to the bottom of it was analyzed by EPMA. The initial composition of slag and iron alloy formed was analyzed by ICP.
Experimental Method
Experimental Results and Discussion
Variations in slag temperature during the reaction with aluminum and ferrosilicon were measured by the thermocouple immersed in the slag bottom as shown in Fig. 4 . The slag temperature increased sharply by the addition of aluminum because the oxidizing reaction of aluminum is an intense exothermic one. On the other hand, the slag temperature decreased when ferrosilicon was added because it was not preheated before the addition. This result suggests that use of aluminum as a reductant has the advantage of heating up a practical process.
As an example, the distribution of slag composition after reduction by aluminum is shown in Fig. 5 . 0 of relative distance indicates the slag surface and 1.0 indicates the slag bottom. Analysis was carried out in the vertical center part of slag as much as possible. The unreacted aluminum was observed near the slag surface. The figure shows that high Al 2 O 3 contained solid phase formed in the upper part of the slag, and thus reductions of FeO and CrO X were prevented in the lower part. However, FeO and CrO X in the upper and middle parts of slag were reduced to about 0.01 mass%. Those contents of CrO X were about one order higher than calculated equilibrium ones as shown in Fig. 1 . A formed metal drop was precipitated on the slag bottom, and the chemical composition was 99.92mass%Fe-0.08mass%Cr. Figure 6 shows the effect of temperature on the reduction behavior by aluminum. The distributions of FeO and T.Cr contents in the slag are shown, respectively. The FeO and CrO X in the upper and middle parts were reduced to low contents except for 1 723 K. In those parts, CrO X contents at 1 773 and 1823 K were about one order higher than calculated thermodynamic equilibrium ones as shown in Fig. 1 . The reductions of FeO and CrO X were promoted to the lower part of slag when the temperature became higher. This occurred because of the increase in fluidity of slag with increasing temperature. Figure 7 shows the effect of mass ratio of CaO to SiO 2 in the initial slag on the reduction behavior by aluminum. The FeO and CrO X in the upper and middle parts were reduced to low contents on the all CaO/SiO 2 ratios. In those parts, CrO X contents were about one order higher than calculated equilibrium ones. The reductions of FeO and CrO X were promoted to the lower part of slag with increase in CaO/SiO 2 ratio because the viscosity of slag tends to decrease with lowering SiO 2 content. Figure 8 shows a comparison of reductants on the reduction behavior of FeO and CrO X . The reduction by ferrosilicon proceeded uniformly because the slag composition was kept on a liquidus during the reduction, however, the content of FeO and T.Cr could not be reduced as low as those by aluminum. When graphite was used, FeO was reduced to a relatively low content, however CrO X was not reduced by such a low content and its content dispersed widely. It is supposed that a slag foaming may cause this dispersion. FeO and CrO X in the slag were reduced drastically by aluminum, however, the reduction could not proceed to the bottom of the slag because formation of a high Al 2 O 3 solid prevented the further reaction. A intense stirring of slag thus is necessary for a practical reduction process by aluminum.
9)
The formation of metal drop by reduction was observed directly by an X-ray fluoroscopy technique. Figure 9 shows the formation of metal drop by aluminum. Since the reaction rate by aluminum is high, the formed metal drop was observed as a black shadow on the slag bottom at a reaction period as early as 5 min. It became larger gradually up to 20 min. Thereafter, the reduction was restrained by the for- mation of Al 2 O 3 solids, and thus size of the metal drop hardly changed. Figure 10 shows the formation behavior of the metal drop during the reduction by ferrosilicon. It was observed that the added ferrosilicon was melted and floated in the slag. The small metal drops formed were observed on the bottom of the slag at 20 min. They gradually became larger. The floating metal remained for 60 min. The chemical composition of metal drop formed on the slag bottom at 60 min was 95.1mass%Fe-3.81mass%Cr-0.88mass%Si. It was assumed that the iron rich metal, which formed at the interface between ferrosilicon and molten slag, precipitated on the slag bottom. The floating metal contained a large quantity of silicon even at 60 min and its chemical composition was 71.4mass%Fe-2.88mass%Cr-25.7mass%Si. Figure 11 shows the formation behavior of a metal drop during the reduction by a graphite rod. Small Fe-C metal drops were observed around the graphite rod at 20 min, then, the slag foaming appeared and became intense up to 35 min. This occurred because the evolution rate of CO gas by the reaction with Fe-C melt was much higher than that with graphite and because the bubble size formed by Fe-C melt was small. [10] [11] [12] After the graphite rod was removed at 64 min, CO gas evolution was observed because of the reduction by carbon in the Fe-C melt. The formed metal drop contained 0.46 mass% Cr after the reduction.
Conclusions
The direct smelting reduction of chromium oxide in molten slag was investigated by small furnace experiments and thermodynamic calculations. Aluminum, ferrosilicon and graphite were used as reductants under the conditions of 1 723-1 823 K and various slag compositions.
(1) In the experiments, the formation of high Al 2 O 3 solid phase in the upper and middle parts of slag prevented uniform reduction when aluminum was added as a reductant. It was suggested that a intense stirring of slag is necessary for a practical reduction process in which aluminum is used as a reductant.
(2) CrO X in the upper and middle parts of slag was reduced to a low content by aluminum compared with the case of ferrosilicon and graphite. The low content of CrO X by aluminum was about 0.01 mass% which is one order higher than calculated thermodynamic equilibrium one.
(3) In the experiments, the reductions of FeO and CrO X were promoted to the lower part of slag with the increase in temperature and CaO/SiO 2 ratio because of the increase in fluidity of slag.
(4) The metals formed which contained chromium were precipitated on the bottom of the slag during the reductions by aluminum, ferrosilicon and graphite. In the case of ferrosilicon, metal containing a large quantity of silicon floated in the upper part of the slag and remained there during the reduction. When a graphite rod was used as a reductant, the slag foaming was appeared after the formation of Fe-C melts, and then it became intense.
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